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ABSTRACT 
 
The coagulation of Combined Sewer Overflow (CSO) was investigated by jar-testing 
with two commercial coagulants, a ferric chloride solution (CLARFER) and a polyaluminium 
chloride (WAC HB). CSO samples were collected as a function of time during various wet-
weather events from the inlet of Boudonville retention basin, Nancy France. Jar-tests showed 
that an efficient turbidity removal can be achieved with both coagulants, though lower 
optimum dosages and higher re-stabilization concentrations were obtained with the 
aluminum-based coagulant. Optimum turbidity removal also yielded effective heavy metal 
elimination. However, the evolution with coagulant dosage of Cu, Zn, Pb, Cr, soluble and 
suspended solids contents followed various patterns. The removal behaviors can be explained 
by a selective aggregation of heavy metal carriers present in CSO and a specific interaction 
between hydrolyzed coagulant species and soluble metals. Stoichiometric relationships were 
established between optimal coagulant concentration, range of optimal dosing, and CSO 
conductivity, thus providing useful guidelines to adjust the coagulant demand during the 
course of CSO events. 
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INTRODUCTION 
Combined sewer overflow (CSO) is a major environmental concern in cities with a 
combined sewer system. During a CSO event, the discharge of untreated domestic sewage 
and stormwater into local waterways represents a large input of nutrients, organic matter, 
contaminants, pathogens, debris… This causes immediate and long-term damages (aesthetic 
pollution, reduced levels of dissolved oxygen and increased fish mortality, micro-pollutant 
accumulation inside living species, degradation of water resources, eutrophication…) to the 
receiving aquatic ecosystem (Paulson and Amy, 1993, Chebbo et al., 1995, Marsalek et al., 
1999). 
In cities where the existing drainage systems can not be easily upgraded, CSOs can be 
controlled by storing the excess flows in retention basins for later redistribution to the 
combined sewer and to the wastewater treatment plant. Retention basins can also be used for 
removing particulate matters by sedimentation. In that case, the efficiency of suspended solid 
removal can reach 60 % to 80 % for a settling velocity of about 0.03m/min (Cole and Yonge, 
1993; Bridoux et al., 1998; Nascimento et al., 1999). However, such a removal essentially 
concerns particles greater than 50 µm (Hamilton et al., 1984; Badard et al., 1994), whereas 
heavy metals present in CSOs and stormwaters are predominantly associated with the finer 
particles and colloids (Ellis and Revitt, 1982; Hamilton et al., 1984; Grout et al., 1999; El 
Samrani et al., 2004a). In most cases, heavy metal removal by settling does not exceed 28 to 
40 % (Cole and Yonge, 1993). Moreover, retention basins can sometimes be undersized and 
the overflows from major wet weather events are still discharged to the nearby water bodies. 
With the potential of significant changes in rainfall patterns due to climate change, the choice 
of an adequate storage capacity is then critical. 
An alternative approach to control overflows is in-line treatment. In that case, an 
enhanced removal of contaminants can be achieved by chemical coagulation and subsequent 
settling, before discharging treated CSO to the receiving waters. Typical removal efficiencies 
reported for pilot-scale tests are consistently around 90% for suspended solid and about 60 % 
for chemical oxygen demand (Delporte et al., 1995; Plum et al. 1998; Westrelin and 
Bourdelot, 2001). However, two key problems must be addressed for a successful full-scale 
treatment. First, the time needed to reach a steady-state operation, referred to as «start-up», 
takes about 15 to 20 minutes, which is significant for a CSO that may last less than 30 
minutes (Delporte et al., 1995). As a result, the «first flush», which usually corresponds to the 
most polluted flows (Morisson et al., 1984), can be missed before an efficient coagulation 
can be obtained. Secondly, during CSO treatment, the physicochemical characteristics of the 
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raw water dramatically vary as a function of time (Gruber et al., 2005); as a consequence, 
coagulant dosage must be adjusted accordingly to maintain optimal treatment conditions. 
The basic objectives of this study were then (i) to investigate CSO chemical 
coagulation from jar-tests during various wet-weather events (ii) to assess process efficiency 
for heavy metal removal, (iii) and to develop quantitative relationships between optimal 
coagulant conditions and CSO physico-chemical characteristics to provide control tools for 
an efficient in-line CSO full-scale treatment. 
 
 
EXPERIMENTAL SECTION 
 
Sample collection 
The study site, Boudonville catchment area, is located in the north-west part of the 
city of Nancy (France); it receives runoff from 246 ha of urban surfaces (~ 20 000 
inhabitants) through a combined sewer system (El Samarani et al., 2004a). The average slope 
of the watershed is 0.034m/m with 40% of impervious surface (Marchand et al., 1993). 
Boudonville watershed is equipped with eight rain-gauges and 20 limnimeters, and has been 
used as an experimental catchment area for hydraulic and pollution transport studies over the 
past two decades (Marchand et al., 1993, Laurensot, 1998, El Samrani et al., 2004a). 
During rain events, CSO samples were taken as a function of time from the inlet of 
Boudonville retention basin with a peristaltic pump (Delasco Z - flow rate 5L/min) every 5-
10 minutes. For comparison of treatment conditions, grab-samples of sewage were also 
collected from the nearby “liberation” trunk in dry weather conditions. The samples were 
collected into 10 L polyethlylene jerrycans, transported to the laboratory, and used for jar-test 
experiments within 3 hours of sampling. After gentle over-end agitation of jerrycans, a 1 L 
sample of raw water was taken for characterization. Conductivity and pH were measured 
under slow magnetic stirring by using a calibrated CD810 conductimeter and a 210 Taccussel 
pH-meter. Suspended Solids (SS) was obtained by drying a duplicate of 10 mL well-mixed 
CSO sample at 105°C for 5 hours. Volatile solid (VS) content was determined by further 
heating the same samples at 550°C for 3 hours. Total alkalinity was assessed by titrating 100 
mL of filtered raw water (Whatman filter paper 42) to pH 4.3 with a 10
-2
 M H2SO4 solution 
(Rodier, 1984). 
 
Jar-test experiments 
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Two commercial coagulants, CLARFER and WAC HB (ARKEMA, France), were 
used in this study. CLARFER is an unhydrolyzed ferric chloride solution, 38 wt % in FeCl3 
with a density of 1.4. WAC-HB is a partially neutralized aluminum salt solution of pH 3.1 
and contains about 8.84 wt % of aluminum as Al2O3, 1.52 wt % of SO4
2-
, 7.14 wt % of Cl
-
, 
and 1.33 wt % of Ca
2+
. 
The coagulation tests were conducted in standard 1L glass beakers (90 mm diameter, 
150 mm high) fitted with four plexiglass baffles (12 mm x 150 mm). 1 L CSO samples were 
taken from the jerrycans and stirred with a 15 mm x 54 mm blade positioned at one-third of 
the reactor height from the bottom. The stirring rate was fixed at 100 rpm which corresponds 
to a mean velocity gradient G = 135 s
-1
. The coagulant was added under agitation as pure 
solution using a micro-pipette (Ependorf) at a point just below the free surface of the 
suspension. After 20 minutes mixing at 100 rpm, the coagulated suspensions were allowed to 
settle in graduated Imhoff cones for 30 minutes.  
 
Supernatant characterization 
After settling, sediment volume was measured and about 60 mL of supernatant were 
siphoned with a syringe from about 25 mm below the surface. Conductivity, pH, and residual 
turbidity (Hach XR ratio turbidimeter) were first measured. 25 mL of supernatant were then 
filtered through a 0.22 µm pore size cellulose-acetate filter (Macherey-Nagel filter) for 
measuring dissolved trace elements in the supernatant. It should be pointed out that the 
fraction lower than 0.22 µm contains dissolved metals as well as colloidal particles. Still, such 
fraction will be referred to as soluble fraction hereafter. Another 25 mL of supernatant was 
acidified with 10 mL of HNO3 (7M) to obtain the total amount of trace elements in the 
supernatant. The difference between total metal concentration and soluble metal concentration 
yielded the amount of trace elements associated with residual suspended solids. Filtrates were 
acidified with HNO3 and stored at 4°C prior to analysis with ICP-MS (Perkin Elmer 5000 
mass spectrometer). The experimental error is less than 10% in the range of measured 
concentrations. The detection limits are 0.224 µg/L for Cu, 0.282 µg/L for Cr, 0.02 µg/L for 
Pb, and 0.027 µg/L for Zn. For some jar-tests, the eletrophoretic mobility of unsettled 
aggregates was determined with a Zetaphoremeter III (El Samrani et al., 2004b). 
 
 
RESULTS AND DISCUSSION 
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25 rain events were sampled during the period of the study. They can roughly be 
divided into two types: storm events corresponding short and intense rainfalls that occur 
during spring and summer, and weak rain events associated with long lasting rain of low 
intensity (fall and winter). Even though the quality of effluents was found to vary markedly 
during a single rain event, such a typology is reflected in the mean physicochemical 
characteristics of CSO (Table 1). Typical CSO resulting from storm events are characterized 
by a high turbidity and contents in suspended solids similar to that of dry weather flow. 
Nevertheless, such CSO does not simply result from wastewater mixed with runoff from 
urban surfaces, but essentially originates from the erosion of sewer sediments (Gromaire-
Mertz et al., 1998; Tait et al., 1998; Gromaire et al., 2001; El Samrani et al., 2004a). In 
comparison, CSO asociated with weak rain events show much lower turbidity and SS 
concentrations. Furthermore, both pH and total alkalinity of CSO from weak rain events are 
consistently lower than those of CSO from storms, which are themselves significantly lower 
than those of dry weather flow (Table 1). 
 
Turbidity removal  
A total of 53 jar tests were conducted (32 of them with ferric chloride). The results of 
jar-tests carried out with dry weather sewage are reported in a separate paper (El Samrani et 
al., 2004b). Typical curves obtained during coagulation of combined sewer overflow are 
presented in figures 1 and 2. Figure 1 compares the performance of CLARFER and WAC HB 
in terms of turbidity removal and sediment volume for a rain event yielding overflows of high 
alkalinity. For both coagulants, the residual turbidity decreases continuously to reach a similar 
minimal value at intermediate dosages, whereas sediment volume increases almost linearly 
with coagulant concentration. However, the initial drop in turbidity is less pronounced with 
ferric chloride and the suspension is restabilized at high Fe concentration. The optimum 
coagulant concentrations (OCC), defined as the minimum dosage needed to attain the low 
residual turbidity value, are indicated on the graph by an arrow. WAC HB is clearly more 
effective than CLARFER for turbidity removal, especially as equivalent sludge volumes are 
generated at OCCs. Interestingly, sludge volume keeps increasing proportionally to the 
amount of added coagulant beyond OCC. Such behavior can be attributed to a sweep-
flocculation mechanism (Gregory and Dupont, 2001), or to an heteroaggregation of CSO 
particles with coagulant species increasing in size (El Samrani et al., 2004b).  
A slightly different pattern is obtained for CSO with low alkalinity (figure 2). In that 
case, the turbidity removal is retarded at low coagulant concentrations, whereas restabilization 
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of CSO suspensions is observed for both coagulants. On the other hand, settled volume 
rapidly increases just before OCC and sharply diminishes upon restabilization. This 
restabilization may be related to the drop in pH occurring when coagulant hydrolysis exceeds 
the buffer capacity of the suspension: the overall negative charge of natural organic matter 
should then decrease while the number of positive coagulant species continues to increase, 
thus inducing restabilization of the suspension. Electrophoretic mobility measurements 
further corroborate the occurrence of charge neutralization (fig. 2a-2c). Although the addition 
of either CLARFER or WAC-HB only slightly reduces the negative charge of CSO 
aggregates at OCC, the restabilization of the suspension coincides with the charge reversal of 
particles. Similar results have been reported for municipal sewage coagulated either with 
alum (Ghosh et al., 1994) or with ferric chloride (El Samrani et al., 2004b), and for humic 
substances aggregated with Al13 polycations (Kazpard et al., 2006). According to Kazpard, 
this behavior originates from a charge neutralization of organic macromolecules rearranging 
around positive coagulant species such that the negative charge of functional groups remains 
displayed to the bulk until charge balance is obtained at the onset of restabilization domain 
(Kazpard et al., 2006). 
 
Heavy metal removal  
Heavy metal removal was studied from samples collected in 7 different CSO, 5 of 
them storm events. Figure 3 shows the typical evolution of Cu, Pb, Zn, and Cr concentrations 
in both soluble and residual suspended solids fractions as a function of Al or Fe dosage. The 
x-axes were normalized with regards to the respective OCCs in order to highlight any 
difference in heavy metal removal behavior between the two coagulants. Also plotted in most 
graphs is the supernatant residual turbidity, the y-axis being adjusted to match the evolution 
of heavy metal concentration in residual suspended solids. The control experiments (stirring 
and settling without added coagulant) revealed that the supernatant concentrations in Cu, Zn, 
and Pb (dissolved and suspended solids fractions) represent respectively 69, 85 and 50 % of 
total metal concentrations. 
As illustrated in figure 3a-d, Cu and Pb exhibit a similar removal behavior for both Al 
and Fe coagulants: the soluble fraction is eliminated at a [coagulant]/OCC ratio less than 1, 
whereas the particulate fraction closely follows the residual turbidity curve even during 
restabilization for the iron-based coagulant. In contrast, the suspended solid fraction 
associated with Zn is less effectively removed than turbidity at low coagulant concentrations, 
whereas particulate Cr is not coagulated at all in the underdosage range with both CLARFER 
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and WAC HB. Furthermore, both soluble Zn and Cr increase above OCC to reach 
concentrations greater than the respective initial supernatant concentrations. Nevertheless, it 
should be pointed out that, except for Cr, at the optimal dosage defined as that producing a 
low turbidity, both coagulant provided excellent heavy metal removal since the residual 
concentrations in Cu, Zn and Pb in the clarified water comply with the legislation for potable 
water (ASTEE, 2006). 
The observed removal behaviors for suspended solids may be explained by a selective 
aggregation of heavy metal carriers during coagulation. A previous report showed that, in 
CSO, Cu is primarily found as sulfide species (CuS, CuFeS2,…), Pb is mainly present as Pb-
monosulfide and PbSn alloy, Zn is predominantly encountered as sulfide and phosphate 
phases, whereas Cr is generally observed within stainless steel and iron oxihydroxide particles 
(El Samrani et al., 2004a). In the pH range of jar-test experiments [4-7.5], iron oxihydroxides 
and phosphate phases such as apatite are positively charged (Chander and Fuerstenau, 1979), 
whereas pristine sulfide particles are expected to be negatively charged (e.g. Bebie et al., 
1998). However, it should be noted that the gradual oxidation of metal sulfides can 
significantly alter the surface charge development; for instance, the point of zero charge 
(PZC) of pyrite shifts from 1.2 to 7 upon oxidation (Fornasiero et al., 1991), whereas a value 
of 8.5 has been reported for the PZC of ZnS (Pugh and Tjus, 1987). As the coagulant species 
formed upon hydrolysis of iron and aluminum commercial solutions are positively charged 
(El Samrani et al. 2004b), the poor or retarded removal evidenced for Cr and Zn suspended 
solids may be related to the alike surface charge of carriers. Similarly, the two stage removal 
observed for Pb and Zn particles with the aluminum-based coagulant (fig. 3d and 3f), can be 
explained by the successive removal of two different heavy metal carriers. 
On the other hand, the elimination at low coagulant concentrations of Cu, Pb, and Zn 
soluble fractions suggests an uptake of these elements by the iron or aluminum hydrolysis 
products. Indeed, the sorption of these heavy metals to iron or aluminum oxihydroxides 
mineral phases has been shown to occur in a wide range of conditions (Herbert Jr., 1996; 
Spadini et al., 1994; Martinez et al., 1998). The strong increase in soluble Zn and Cr observed 
above OCC with CLARFER application, may result from various phenomena. First, the 
decrease in pH originating from the formation of hydrolyzed coagulant species may promote 
the dissolution of coagulated and settleable heavy metal carriers. Then, in the case of Zn, the 
interaction of hydrolyzed iron(III) with Zn-sulfide surface may induce some oxidative 
dissolution (Richmond et al., 2005). Finally, exchangeable Zn and Cr associated with clays 
and functional groups of organic matter may be replaced by the excess of iron-coagulant 
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species (Jung et al., 2005), although this latter hypothesis is not supported by the data 
obtained with WAC HB (fig. 3). 
 
Optimization of coagulant dosing 
As shown above, coagulant overdosing leads to a restabilization of the suspension and 
therefore, to a release in heavy metal in the treated water. As the quality of CSO continuously 
changes with time (Lainé et al. 1998; Gruber et al., 2005; Suarez and Puertas 2005), the 
application of an appropriate coagulant concentration is critical. Figure 4 shows the results of 
two series of jar-test conducted with CLARFER and WAC HB on CSO samples collected as a 
function of time from two different rain events. In both cases, the initial jar-test was carried 
out with dry weather sewage. The same general evolution can be described for both 
coagulants: as overflow starts, OCC sharply decreases towards lower coagulant concentration, 
while concomitantly, a narrower range of optimal dosing is observed. Therefore, an optimal 
coagulant concentration at a given moment can turn out to be a restabilization concentration a 
few minutes later (insets of fig. 4). 
Such a rapid evolution of OCC is explained by a change in CSO physicochemical 
characteristics with time. As illustrated in figure 5, parameters that are relevant to CSO 
treatability such as suspended solids, turbidity, pH, and conductivity, exhibit a complex 
dynamics. Thus, at the beginning of the CSO event, flow rate abruptly increases whereas SS 
slightly rises; it then peaks with flow rate, gradually diminishes for some time, and strongly 
re-increases while flow rate keeps decaying back to the dry weather regime. A previous study 
revealed that these two successive increases in SS can be attributed to sewer sediment re-
suspension and urban surface wash-off, respectively (El Samrani et al., 2004a). In parallel, 
conductivity substantially decreases in two steps whereas pH and turbidity roughly diminish 
with time. 
Therefore, maintaining an optimal CSO treatment implies a continuous adjustment of 
coagulant concentration. Until now, such monitoring has generally been performed from 
measurements of SS or CSO initial turbidity (Bridoux 1998; Westrelin and Bourdelot, 2001). 
However, figure 6a and 6b reveal that a rather poor correlation is obtained between these two 
parameters and coagulant requirement, especially when only jar-tests carried out with CSO 
are taken into account. Likewise, the plot of OCC versus effluent initial pH shows 
considerable scatter (fig. 6c). In contrast, the optimum coagulant concentration is linearly 
correlated with CSO initial conductivity for both CLARFER and WAC HB. It must be 
pointed out that this correlation includes the results obtained with dry weather sewage (fig. 
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6d), and that the coagulant concentration used to treat CSO, either storm or weak rain events, 
was always less than that required to treat dry weather sewage. Furthermore, the optimal 
dosage in WAC HB is consistently lower, though slightly, than that in ferric chloride, which 
confirms the greater effectiveness of the aluminum-based coagulant. 
The straight lines obtained between coagulant requirement and CSO conductivity are 
actually an indirect consequence of a proportional relationship between total alkalinity and 
conductivity (inset of figure 6d). Such a linear relationship is rather unexpected. By 
definition, alkalinity is a measurement of the water acid-neutralizing capacity, and for surface 
waters, primarily depends on carbonate, bicarbonate, and hydroxide content. On the other 
hand, conductivity reflects the presence of all ionic species. The most straightforward 
explanation is that carbonates represent a major component in CSO conductivity, but such an 
hypothesis requires further scrutiny. The linear correlation between optimal coagulant 
concentration and CSO total alkalinity corroborates early research in coagulant dosing 
(Morison, 1916), indicating that turbidity has little effect on coagulant dosage compared to 
alkalinity. The slope, close to 1 mol/eq, suggests that the coagulant species are not fully 
hydrolyzed at optimal dosage, which is consistent with previous EXAFS investigations 
indicating that poorly polymerized Fe species are found in flocs at OCC (Vilgé-Ritter et al., 
1999; El Samrani et al., 2004b). Finally, as shown in figure 7, the range of optimal dosing is 
also dependent on alkalinity, and hence on conductivity, which provides a further way for 
controlling CSO coagulation. 
 
 
 
 
CONCLUSION 
CSO chemical coagulation was investigated with both ferric chloride and pre-
hydrolyzed aluminum coagulants. Both coagulants were found to provide an effective 
clarification, even though the required concentration in aluminum-based coagulant was 
always slightly less on a molar basis. Excellent heavy metal elimination was achieved within 
a narrow range of coagulant around OCC. Close examination of jar-test curves suggested a 
preferential removal of some heavy metal carriers by the coagulant species. 
CSO quality was found to be very unsteady during wet weather events, and to strongly 
affect the coagulant dose yielding an acceptable removal of turbidity and heavy metals. Total 
alkalinity was shown to be the main factor determining the optimal coagulant concentration 
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and the width of the coagulation zone. A linear correlation between OCC and conductivity 
provided a convenient guideline for rapidly adjusting coagulant demand in industrial practice. 
Further work is required to assess the validity of such linear relationship, as the need for a 
precise monitoring of coagulant dosage is a concern in most coagulation treatments. 
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Figure Captions 
 
Figure 1: Comparison of ferric chloride () and WAC HB () performances for a CSO event 
of high alkalinity (0.53 meq/L). (a) Residual turbidity versus coagulant concentration. (b) 
Sediment volume versus coagulant concentration. Inset of fig. 1a: Variation of pH as a function 
of coagulant dosage () ferric chloride, () WAC HB. The solid bar represents the optimal 
coagulant concentration; the hatched bar represents the restabilization concentration for ferric 
chloride. 
 
Figure 2: Comparison of ferric chloride and WAC HB performances for a CSO of low 
alkalinity (0.049 meq/L). (a) and (c) Residual turbidity and electrophoretic mobility versus 
coagulant concentration. (b) et (d) Sediment volume () and pH () versus coagulant 
- 16 - 
concentration. The solid bar represents the optimal coagulant concentration; the hatched bar 
represents the restabilization concentration for ferric chloride. 
 
Figure 3: Variation of Cu, Pb, Zn, and Cr supernatant concentrations in soluble () and 
suspended solids () fractions as a function of coagulant dosage. The broken line represents the 
evolution of residual turbidity with coagulant concentration. The residual suspended solid 
concentration is obtained by difference between the total metal concentration and the soluble 
metal concentration. 
 
Figure 4: Evolution of jar-test curves during a CSO event. (a) Coagulation with ferric chloride. 
(b) Coagulation with WAC HB. The insets show the variation of optimal dosage (Feopt or Alopt) 
et restabilization concentration (Fer or Alr) as a function of time. 
 
Figure 5: Evolution of CSO physico-chemical characteristics as a function of time: (a) Total 
suspended solids. (b) Turbidity. (c) pH. (d) Conductivity. The variation of flow rate during the 
CSO event is indicated in each graph. 
 
Figure 6: Optimal coagulant concentration as a function of (a) Suspended solids, (b) CSO 
turbidity, (c) initial pH, (d) conductivity. Open circles (): ferric chloride. Filled circles (): 
WAC HB. The inset of fig. 6d shows the linear relationship between Total alkalinity and 
conductivity. The data points above the horizontal line were obtained from jar-tests carried out 
with sewage (CSF). 
 
Figure 7: Range of optimal dosing versus CSO Total alkalinity for ferric chloride. The inset 
shows the range of optimal dosing for a given jar-test. 
 
Table 1: Physico-chemical characteristics of CSO events and of sewage (CSF): means and 
standard deviations. n indicates the number of samples used to calculate the statistics. 
 
 
 Mean and standard deviation  
Sample 
type 
SS  
mg/L 
VS 
mg/L 
Turbidity 
(NTU) 
pH 
Conductivity 
(µS/cm) 
Total 
Alkalinity 
(meq/L) 
Sewage 
(dry 
864  
87.6 
570  
82.7 
145  
30.76 
7.82 
 
889  49.82 
1.48  
0.164 
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weather) 
(n=16) 
0.30 
CSO 
(weak 
rain) 
(n=19) 
182.29 
51.8 
135.57 
 57.9 
44.8  
10.4 
6.53 
 
0.56 
137.6  
50.39 
0.16  
0.05 
CSO 
(storm) 
(n=18) 
869.6  
287.5 
598.25 
 
269.24 
114  
40.9 
6.92 
 
0.48 
385  
228.47 
0.52  
0.37 
 
 
